Lean philosophy introduces a new approach for maximizing value while minimizing waste, facilitating sustainable practices at the same time. Companies have become aware of these improvements and are demanding students well formed in Lean concepts. However, to meet this demand, universities must adapt their curricula to include courses that use alternative teaching methods to connect to real contexts. This paper seeks to analyze the benefits of lecture-and game-based learning for developing students' understanding of Lean Construction Principles. A case study is carried out in the "Lean Construction" course of the Master of Planning and Management in Civil Engineering of the Universitat Politècnica de València. A combination of a traditional lecture and three simple games is applied. Descriptive statistics, the Mann-Whitney U-test, and the Wilcoxon test are performed to analyze the impact of each activity on the understanding of each Lean Construction Principle. Results highlight the importance of combining the lecture class with multiple games to effectively impart knowledge about Lean principles and their application in the construction industry. In addition, they emphasize the importance of selecting the game according to the Lean principle to be taught.
Introduction
The philosophy of Lean management has its origins in the Toyota Production System [1] . This philosophy presents new strategies of maximizing value while minimizing waste [2] . Lean philosophy, culture, and technology are the three key aspects for a global understanding of Lean [3] . Koskela [4] adapted this approach to the construction industry, introducing what is known as Lean Construction [5, 6] . Koskela [4] proposed eleven important principles for flow process design and improvement: (1) reduce the share of non-value-adding activities; (2) increase output value through systematic consideration of customer requirements; (3) reduce variability; (4) reduce the cycle time; (5) simplify by minimizing the number of steps, parts, and linkages; (6) increase output flexibility; (7) focus control on the complete process; (8) increase process transparency; (9) build continuous improvement into the process; (10) balance flow improvement with conversion improvement; and (11) benchmark. Some of these Lean Construction Principles (LCPs) are directly related to sustainability; for example, the flow view entails eliminating material waste that directly affects sustainability [7] . Researchers state that the synergy between Lean and sustainability is proven, since both approaches aim to reduce waste and prioritize cleaner production [8] . In addition, Martínez-León and Calvo-Amodio [9] noted that Lean tends to facilitate the adoption of environmental practices primarily by involving people and enhancing their problem-solving skill sets. This also represents an advantage for companies that adopt continuous improvement, as they tend to be more likely to implement environmental practices [10] .
For all of the above reasons, the industry believes that graduates in the Architecture, Engineering, and Construction (AEC) field must be well-formed in Lean concepts and methods [11, 12] . The application of Lean principles in the construction field can improve the efficiency of construction planning [13] . In view of the interests of academics and industry, universities are offering courses on Lean at both undergraduate and graduate levels [14] . Lean provides key skills for professionals in construction management [15] . However, traditional teaching methods do not effectively reach and convince the audience [16] . Some authors [17, 18] have also indicated that traditional lectures present difficulties for learners in applying the information in an authentic context, particularly when being immersed in complex scenarios. Pellicer and Ponz-Tienda [19] and Nofera et al. [20] demonstrated the added value of using multiple teaching methods for students. Specifically, Kuriger et al. [21] stated that simulation games are effective tools for teaching Lean concepts, as participants can see and experience what they have learned in regular sessions through lectures and other teaching techniques.
Game-based learning (GBL) is a widely recognized teaching method in higher education due to its pedagogical benefits [22] [23] [24] . Using games as a teaching tool makes the learning process more enjoyable, which in turn makes the learners more receptive to the information the game's creator or the instructor intends to convey [25] . A game-based learning approach might be effective in facilitating students' skills development (e.g., collaboration, creativity, communication, or critical thinking, among others) [26] . GBL is a method with defined learning outcomes [27] . Usually, it is assumed that the game is a digital one. However, GBL can be any kind of game. A corollary to this definition is that the design process of GBL involves balancing the need to cover the subject with the desire to prioritize the game play [28] . Badurdeen et al. [29] presented a literature review of simulations used to teach Lean manufacturing for academic instruction and also for industry participants. Regarding Lean Construction, most of the games focus on project planning, such as Last Planner System Games [2, 19, 30, 31] . GBL presents multiple advantages, but it is also important to consider its limitations. Deif [32] pointed out that GBL has the capability to motivate students and provides instructors with a tool for teaching Lean Construction in a practical manner, but it is important to take into account that Lean games must be adapted to the limited industrial experience of students [32] . González et al. [2] highlighted that one limitation of GBL is that games can sometimes be too complex to play and too complicated for implementation in university classes. Besides, as Hirota and Formoso [33] noted, it is not easy for students to understand and comprehensively incorporate the LCPs. To this end, Brioso [34] presented some activities including two simulation games to address the understanding of the LCPs. However, this author did not assess the effects of the activities on the learning of these principles, in contrast to González et al. [2] , who evaluated the results but only focused on some of LCPs.
In this context, this paper proposes a combination of a traditional lecture and three simple games to learn Lean Construction Principles, analyzing the impact of each activity on the understanding of each LCP. These activities are implemented in a Master in Planning and Management in Civil Engineering program. Following the recommendations of González et al. [2] , the learning experience of each student is evaluated through questionnaires at several stages: before starting each game and after the last game. Students also responded to a questionnaire that evaluated their understanding of each LCP after the lecture class.
The paper is organized as follows. Section 2 introduces the Lean Construction Principles. Section 3 presents the research process, describing its contextualization, the design of the learning activities, the questionnaires and the statistics used to analyze the results. Section 4 shows the results of each learning activity, as well as the discussion regarding the impact of each activity on the understanding of Lean Construction Principles. Finally, Section 5 presents the conclusions, providing the main contributions, limitations and future research.
Lean Construction Principles (LCPs)
Lean Construction serves two main goals during the construction process [35] : (1) to minimize physical and process waste and (2) to improve the generation of value for the client. The key aspects of a global understanding of Lean in the construction context are [3] culture (competent, flexible, empowered, and committed); technology (last planner system, just in time, value stream mapping, virtual modeling, and others); and philosophy (Lean principles, added value vs. non-added value, and type of wastes). Lean Construction Principles apply both to the total flow process and to its subprocesses; also, the principles implicitly define flow process problems such as complexity, transparency, and segmented control [4] . These principles were summarized in the Introduction and are described in greater detail in Table 1 . A comprehensive understanding of these principles is essential to apply Lean correctly in the industry. [4] .
Id Name Description

P 1 Reduce waste
Reduce the share of non-value-adding activities (also called waste). These include activities that require time, resources, or space but do not add value for the customer.
P 2 Increase value
Increase output value through systematic consideration of customer requirements. Value is generated through fulfilling customer requirements, not as an inherent merit of conversion.
P 3 Reduce variability
Production processes are variable. There are differences between any two items, even though they are the same product, and the resources needed to produce them (time, raw material, labor) vary.
P 4 Reduce time
Time is a natural metric for flow processes. A production flow can be characterized by cycle time, which refers to the time required for a particular piece of material to traverse the flow.
P 5 Simplify steps
Simplification can be understood as reducing the number of components in a product or reducing the number of steps in a material or information flow.
P 6 Increase flexibility
Practical approaches to increasing flexibility include minimizing lot sizes to closely match demand, reducing the difficulty of setups, and customizing as late in the process as possible.
P 7
Focus on the whole process Focus control on the complete process. Segmented flow control poses a risk of sub-optimization.
P 8 Increase transparency
Lack of process transparency increases the propensity to err, reduces the visibility of errors, and diminishes motivation for improvement.
P 9 Kaizen
Build continuous improvement into the process. The effort to reduce waste and to increase value is an internal, incremental, and iterative activity that can and must be carried out continuously.
P 10 Balance flow and conversion
Balance flow improvement with conversion improvement. The crucial issue is that flow improvement and conversion improvement are intimately interconnected.
P 11 Benchmark
Unlike technology for conversions, the best flow processes are not marketed; each organization has to find world-class processes themselves. Benchmarking includes knowing the process (strengths and weaknesses), knowing industry leaders (finding, understanding and comparing), and incorporating the best practices.
The activities that do not add value (also called waste) must be identified, analyzed, and eliminated from work processes. The seven forms of waste under the Lean system were originally conceived in Japan with the inefficiencies of manufacturing in mind, but they also apply to the construction industry. These wastes are as follows: (1) transportation, (2) unnecessary inventory, (3) unnecessary motion, (4) waiting, (5) overproduction, (6) over-processing, and (7) defects [36] . Recently, an eighth waste has been defined for construction [37] : "making-do," a situation where a task is begun without all of its standard inputs, or the execution of a task is continued even though the availability of at least one standard input has ceased.
Research Process
To achieve the objective of this study, the research process comprises five steps: (1) definition and contextualization of the case study; (2) design and planning of four learning activities; (3) implementation of these activities; (4) assessment of the level of understanding of LCPs for each activity; and finally, (5) analysis of the understanding and impact of each learning activity ( Figure 1 ).
To achieve the objective of this study, the research process comprises five steps: (1) definition and contextualization of the case study; (2) design and planning of four learning activities; (3) implementation of these activities; (4) assessment of the level of understanding of LCPs for each activity; and finally, (5) analysis of the understanding and impact of each learning activity ( Figure 1 ). 
Contextualization
The case study was carried out in the "Lean Construction" course of the Master of Planning and Management in Civil Engineering program of the Universitat Politècnica de València, Spain, in the academic year 2018-2019. Lean Construction is offered as a 3 ECTS elective graduate course. Note that ECTS (European Credit Transfer and Accumulation System) expresses the volume of learning based on the defined learning outcomes and their associated workload [38] . Sixty ECTS credits are allocated to the learning outcomes and associated workload of a full-time academic year; in most cases, workload ranges from 1500 to 1800 h for an academic year, which means that one credit corresponds to 25 to 30 h of work [38] . The syllabus of the course has been evolving since 2011, incorporating feedback from the students [19, 39] ; currently, it covers the topics of historical evolution, waste and flow, value stream mapping, pull management, integrated project delivery, construction planning and control using the Last Planner System, and specific techniques such as 5S, Kan-Ban, and A3 report, among others.
The students in this Master's program are civil engineers and architects from various countries of America, Europe, and Asia; in the 2018-2019 class, there are 20 students from 10 different countries enrolled in the Lean Construction course. The professional experience of the students varies from 0 to 11 years of practice. Figure 2 presents a box chart of the years of experience of the students in this class, who have an average of 3.8 years of professional practice in the AEC industry. Figure 3 illustrates students' previous knowledge and/or experience in Lean Construction: "no" means that the student has no knowledge and/or experience in Lean Construction; "low" means that the student has a low level of knowledge and/or experience; "medium" means that the student has a medium level of knowledge and/or experience; and "high" means that the student has a high level of knowledge and/or experience. Students were clustered around the lowest knowledge levels (85% of the students did not know anything about Lean). Therefore, the students' diverse countries of origin, large range of professional experience, and similar lack of Lean background made this class a good sample for this research. 
Design and Planning of Learning Activities
With the objective that the students would understand and visualize how to implement the principles of Lean Construction in the AEC industry, a longitudinal qualitative approach is assumed [40] [41] [42] . This method allows analyzing change (in this case the level of understanding of LCP by students) through a short period of time (three weeks) [40] . This way, four learning activities were designed and implemented in three sessions, each two hours in duration [41] . The selection of these learning activities was based on the following criteria: (1) the activity could be performed in less than 2 h (regular session time); (2) the required material is low-cost and easily accessible; and (3) none of the activities cover all of the LCPs in-depth. The activities were ordered from the most abstract to the most realistic.
First, an introductory two-hour lecture session was used to highlight the basic theory, principles, and history of Lean Management and Lean Construction. Then, in the following sessions, GBL was 
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First, an introductory two-hour lecture session was used to highlight the basic theory, principles, and history of Lean Management and Lean Construction. Then, in the following sessions, GBL was used as the teaching method to help students understand the LCPs and how to apply them [26, 27] . The games were ordered from the most abstract thought and systemic thinking ("broken square" game), to the simulation of processes with tangible material ("make a card" simulation game), followed by the Sustainability 2019, 11, 5294 6 of 16 application of the principles in a real situation ("work sampling" game). Figure 4 shows the sequence of activities and a brief description of each. After each learning activity, the students answered a survey to measure the degree of understanding of each LCP. game), to the simulation of processes with tangible material ("make a card" simulation game), followed by the application of the principles in a real situation ("work sampling" game). Figure 4 shows the sequence of activities and a brief description of each. After each learning activity, the students answered a survey to measure the degree of understanding of each LCP. 
Application of Learning Activities
The broken square game was proposed by Bavela [43] and has been used mainly as a tool to foster communication, collaboration, and cooperation among different people with a common goal [44] . In this game, the students are grouped in teams of five. Each student is provided with an envelope with different pieces that can be assembled to form a square. The team is given the following mission: each team member must assemble a square of the same dimensions as his/her teammates within 10 min. Team members are not allowed to communicate (not talking, pointing or any other kind of communication); after no team achieves the mission, the students are able to communicate to fulfill the mission. Finally, the activity ends with a reflection on what has been learned [45] . The learning objective of this game is that students are able to understand the importance of communication and systemic thinking in work processes.
Game 2: "Make a Card" Simulation
This game is a simulation to demonstrate the advantages of Kanban and Pull over traditional Batch and Push [46] . Alarcon's adaptation of this game is used, which is described in detail by Brioso [34] . In general terms, students are grouped in teams of six in a work chain: each student is assigned to a work station where he or she has a specific task; together they must create a paper card with a standard design using colored adhesive labels. The game is divided into three rounds of six minutes. In the first round, (1) students cannot communicate, (2) they must maintain position, (3) each station delivers batches of 5 cards to the next in an inventory space, (4) batches are not quality-certified until the end of the six stations, (5) workers can only do their own work, and (6) each worker is paid for their work per unit produced. In the second round, the process is the same, but the following changes are made: (1) the batches are one card and workers can only start creating if the next station has empty inventory (pull system); (2) workers can communicate quality problems; and (3) each worker is paid per hour with a bonus for team performance. The third round maintains the same basic process but the following changes are made: (1) workers can balance the workload between stations; (2) workers can solve detected quality problems themselves; and (3) there is total communication. In each round, The broken square game was proposed by Bavela [43] and has been used mainly as a tool to foster communication, collaboration, and cooperation among different people with a common goal [44] . In this game, the students are grouped in teams of five. Each student is provided with an envelope with different pieces that can be assembled to form a square. The team is given the following mission: each team member must assemble a square of the same dimensions as his/her teammates within 10 min. Team members are not allowed to communicate (not talking, pointing or any other kind of communication); after no team achieves the mission, the students are able to communicate to fulfill the mission. Finally, the activity ends with a reflection on what has been learned [45] . The learning objective of this game is that students are able to understand the importance of communication and systemic thinking in work processes.
This game is a simulation to demonstrate the advantages of Kanban and Pull over traditional Batch and Push [46] . Alarcon's adaptation of this game is used, which is described in detail by Brioso [34] . In general terms, students are grouped in teams of six in a work chain: each student is assigned to a work station where he or she has a specific task; together they must create a paper card with a standard design using colored adhesive labels. The game is divided into three rounds of six minutes. In the first round, (1) students cannot communicate, (2) they must maintain position, (3) each station delivers batches of 5 cards to the next in an inventory space, (4) batches are not quality-certified until the end of the six stations, (5) workers can only do their own work, and (6) each worker is paid for their work per unit produced. In the second round, the process is the same, but the following changes are made: (1) the batches are one card and workers can only start creating if the next station has empty inventory (pull system); (2) workers can communicate quality problems; and (3) each worker is paid per hour with a bonus for team performance. The third round maintains the same basic process but the following changes are made: (1) workers can balance the workload between stations; (2) workers can solve detected quality problems themselves; and (3) there is total communication. In each round, the following indicators are calculated: number of cards produced, cycle time per card, rework for quality, and work in progress; therefore, the usefulness of each work station and of the entire system is calculated. The learning objective of this game is that students are able to understand the importance of continuous improvement (kaizen), standardization, the pull system, batch reduction and collaborative work.
Game 3: "Work Sampling" Game
The work sampling game is an activity adapted by the authors in which the work sampling technique is applied to a real construction project. This technique was first developed in the industrial engineering field as a work measurement tool to control inputs; then in the 1960s, it was adapted to the construction industry to assess productivity [47] . Currently, work sampling is being used by a few large construction companies as a means to benchmark direct-work rates so that improvements can be made [48] . In this game, students have to identify and analyze the work of a construction site, categorizing activities as those that add value, or productive work (PW); support activities, or contributing work (CW); and non-contributing work (NCW). The latter two are further classified into the established Lean wastes (waiting, transportation, inventory, motion, etc.). The students identify the type of work from a video recorded (30 min) from an Unmanned Aerial Vehicle (UAV) of a construction site of a high-rise building where there are approximately 80 workers; the goal is to obtain between 80 and 100 observations. Then, added to a previous database provided by the instructor, the students do the following: calculate the percentages of PW, CW, and NCW; perform statistical validation of the sample; and analyze more frequent wastes using Pareto diagrams. Finally, the students share their results with the whole class in order to establish an internal benchmark between the different observers. The instructor presents typical values of PW, CW, and NCW for different types of projects, so that the students benchmark between the observed project and the AEC industry. The learning objectives of this game are that students are able to analyze value-added, contributory and non-contributory activities and to perform internal and external benchmarks.
Assessment of Students' Understanding of Lean Construction Principles
In order to analyze the evolution of the students' competence associated with each LCP, a self-assessment was carried out at the beginning and the end of each game. A questionnaire was defined to assess the suitability of each game for learning about and understanding each of Koskela's eleven principles [4] . The questionnaire was divided into four parts:
1.
Characterization of the respondents (4 questions): country of origin, bachelor's degree, years of professional experience, and prior level of knowledge and/or experience about Lean Construction.
2.
Assessment of competence regarding Koskela's eleven principles [4] before starting the course.
3.
Assessment of the competence acquired after attending the lecture class and participating in each game.
4.
Students' perception about the best game for acquiring the maximum competence in each LCP. These comments are later used to validate the results obtained in part 2.
The assessment of competence in parts 2 and 3 was graded along a Likert scale from 1 to 5:
• 1 means that the student did not understand the theoretical approach of the LCP and its application in the construction industry. • 2 means that the student reached a medium level of understanding of the theoretical approach of the LCP; however, the student did not understand its applicability in the construction industry. • 3 means that the student fully understood the theoretical approach of the LCP; however, the student did not understand its applicability in the construction industry. • 4 means that the student fully understood the theoretical approach of the LCP but did not fully understand its applicability in the construction industry.
• 5 means that the student fully understood the theoretical approach of the LCP and its applicability in the construction industry.
Analysis of the Understanding and Impact of Each Learning Activity
The questionnaires were answered by the students, and the results were analyzed using IBM SPSS Statistics. According to the longitudinal qualitative approach, change has to be measured after every episode (or learning activity in this study) [40, 41] . The analysis used descriptive statistics to characterize the sample and to observe the increase in understanding of each LCP after each class. The reliability of the collected responses from the students was evaluated with Cronbach's alpha analysis. Ranging from 0 to 1, a value of Cronbach's alpha over 0.70 represents good internal consistency or reliability of a sample. The Mann-Whitney U-test was undertaken to analyze whether the students' professional expertise has a significant influence (p-value > 0.05) on the level of acquired competence after the lecture class. This nonparametric statistical procedure was chosen because the sample size was relatively small and independent, it therefore not being possible to assume that the data were normally distributed [49] . Finally, the Wilcoxon test was performed to analyze whether each game has a significant effect (p-value < 0.05) on the level of competence achieved for each LCP [50] . Finally, the validity of the assessment was performed through the comparison between the answers of part 4 of the questionnaire and the assessments obtained after performing each game.
Results and Discussion
The level of acquired competence of each student was assessed through the questionnaire. The analysis of the questionnaire revealed that the value of Cronbach's alpha is 0.897, confirming that the sample is consistent and reliable. The spider plot in Figure 5 shows the median level of competence acquired with respect to each of Koskela's eleven principles [4] after attending the lecture and playing each game [4] . As can be seen, after each activity (lecture, game 1, game 2, and game 3), the level of competence acquired increased until achieving the maximum score (5) for each principle. However, to achieve a better understanding of the role that each activity plays in the teaching and learning of the eleven LCPs, an in-depth analysis was performed for each activity. • 5 means that the student fully understood the theoretical approach of the LCP and its applicability in the construction industry.
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Session 1: Lecture Class
The distribution of the assessment values achieved after the lecture class is displayed in Table 2 . As can be seen, the median was three for most principles, four for P4 (reduce time) and P7 (focus on the whole process), and two for P6 (increase flexibility). These results represent that the lecture class 
The distribution of the assessment values achieved after the lecture class is displayed in Table 2 . As can be seen, the median was three for most principles, four for P 4 (reduce time) and P 7 (focus on the whole process), and two for P 6 (increase flexibility). These results represent that the lecture class Sustainability 2019, 11, 5294 9 of 16 was appropriate for explaining the theoretical approach associated with each principle, because, in general, the level of knowledge acquired was high for the eleven principles. However, the lecture class was not effective at helping students to understand the applicability of most of the LCPs, as only P 4 (reduce time) and P 7 (focus on the whole process) obtained medians equal to 4 (medium level of understanding about the principle's application) and P 2 (increase value) and P 3 (reduce variability) were assessed with scores of 1, 2, and 3 by most of the students (no understanding about its application). This result is in line with those of previous authors [29, [51] [52] [53] who have highlighted the importance of involving more experiential techniques such as simulations and games to teach LCPs. As Deif [32] and Nofera et al. [20] have claimed, although the lecture class helps students to understand the theoretical approach, their level of understanding of LCPs could depend on their professional experience; thus, the Mann-Whitney U-test was conducted to evaluate whether the level of acquired competence after the lecture class depends on the number of years of the students' professional expertise. The results in Table 3 show that the professional expertise does not have a significant influence on the level of competence acquired after the lecture class (p-value < 0.05). Therefore, these results highlight the need to use game-based learning to teach Lean Construction Principles in order to achieve a proper understanding of their applicability in the construction industry [54] . Table 3 . Influence of professional expertise on the level of acquired competence after the lecture class.
Statistics
Lean Construction Principles P 1 P 2 P 3 P 4 P 5 P 6 P 7 P 8 P 9 P 10 P 11 
Session 2: "Broken Square" Game
The learning objective of the "broken square" game (game 1) was to understand the importance of communication and systemic thinking in work processes [44] . To analyze the significant effect (p-value < 0.05) of the "broken square" game on the level of competence achieved for each LCP, the Wilcoxon test was performed. Table 4 shows that playing this game entails a significant effect on the understanding of each principle. Table 4 . Significant differences before and after performing the "broken square" game.
Wilcoxon Test
Lean Construction Principles P 1 P 2 P 3 P 4 P 5 P 6 P 7 P 8 P 9 P 10 P 11 p-value 0.002 0.001 0.002 0.002 0.003 0.006 0.001 0.000 0.001 0.002 0.006 Additionally, Figure 5 shows the medians for each Lean principle before and after playing this game. As can be seen, there are increases in the medians values for each principle except for P 2 (increase value) and P 11 (benchmark). P 8 (increase transparency) experienced the greatest increase, and in conjunction with P 4 (reduce time) and P 7 (focus on the whole process) achieved the maximum value for the median (5) . The median competence value for most of the principles after this game was four. However, these results did not represent all students in the sample. Table 5 shows the distribution of assessment values for each principle after playing game 1. As can be seen, P 4 (reduce time), P 7 (focus on the whole process), and P 8 (increase transparency) were assessed values of four and five by most of the students. However, the median values for P 2 (increase value), P 6 (increase flexibility), and P 11 (benchmark) were equal to three, having received scores of one and two from some of the students. Thus, although in general, the "broken square" game shows good results for understanding the applicability of most of the LCPs, this game should be used when the principle P 8 is to be enforced, highlighting the importance of communication and systemic thinking in work processes. 
Session 3: "Make a Card" Game
The aim of the "make a card" game (game 2) is to make students think about how changes in a production system impact its productivity [34] . Table 6 shows the results of the Wilcoxon test, which analyzes the significant effect (p-value < 0.05) of this game on the level of competence achieved for each LCP. As can be seen, the game has a significant effect on the understanding of each principle. Table 6 . Significant differences before and after performing the "make a card" game.
Wilcoxon Test
Lean Construction Principles P 1 P 2 P 3 P 4 P 5 P 6 P 7 P 8 P 9 P 10 P 11 p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.024 0.019 0.000 0.001 0.004
Additionally, Figure 5 shows the changes with respect to the median values for each Lean principle before and after playing game 2. The median values for most of the principles were equal to 5. The most important increase was associated with P 2 (increase value). Only P 6 (increase flexibility) and P 11 (benchmark) did not achieve a median equal to five. These results are presented in greater detail in Table 7 . This shows the distribution of assessment values after the game, taking into account the scores reported by each student. Principles P 3 (reduce variability), P 4 (reduce time), P 7 (focus on the whole process), P 8 (increase transparency), and P 10 (balance flow and conversion) mainly obtained values equal to five. This represents that the combination of the lecture class with the first two games helped to teach about these principles in an effective way. The largest increase was obtained for P 2 (increase value). However, although the "make a card" game had a strong influence on understanding this principle, some students still assigned values of two or three to P 2 , claiming a lack of understanding about its applicability in the construction industry. On the other hand, small differences can be highlighted with respect to P 6 (increase flexibility), since students assessed their acquired competence mainly with values equal to two and three. Table 7 . Distribution of assessment values achieved after the "make a card" game.
Statistics
Session 4: "Work Sampling" Game
The learning objective of the "work sampling" game (game 3) was to analyze value-added, contributory, and non-contributory activities and establish an internal and external benchmark [47, 48] . Table 8 shows that, after this game, the median assessment scores for P 6 (increase flexibility) and P 11 (benchmark) obtained values of five, with the result that the medians for all principles reached the maximum value. The inclusion of this third game enforced the level of knowledge and understanding of the applicability of the eleven LCPs in the construction industry. Although some scores associated with the principles P 2 (increase value) and P 6 (increase flexibility) did not improve, since several students assigned them values equal to two and three, the significant influence that the "work sampling" game had on most of the principles is highlighted in Table 8 , since the assessment values are mainly concentrated between four and five. In order to achieve a deep understanding about the influence of the third game on the acquired competences, the Wilcoxon Test was performed to assess the significance of differences with respect to the level of competence acquired before and after performing this activity. Table 9 shows the p-value obtained for each principle. Only P 1 (reduce waste), P 6 (increase flexibility), and P 11 (benchmark) showed significant differences (p-value < 0.05). Finally, to validate the results associated with each game, students were asked about the best game to acquire competence for each Lean principle (see Figure 6 ). As can be seen, the "broken square" game plays an important role in learning about focusing control on the complete process (P 7 : 40%) and increasing process transparency (P 8 : 60%); the "make a card" game influences most of the principles, being strongly significant for learning about reducing the cycle time (P4: 70%), balance flow improvement with conversion improvement (P 10 : 70%), reducing variability (P 3 : 65%), building continuous improvement into the process (P 9 : 65%), increasing output value through systematic consideration of customer requirements (P 2 : 55%), simplifying by minimizing the number of steps, parts and linkages (P 5 : 55%), and increasing output flexibility (P 6 : 55%). Finally, the "work sampling" game is important to acquire competence on benchmarking (P 11 : 45%). consideration of customer requirements (P2: 55%), simplifying by minimizing the number of steps, parts and linkages (P5: 55%), and increasing output flexibility (P6: 55%). Finally, the "work sampling" game is important to acquire competence on benchmarking (P11: 45%). Overall, these results highlight the need to combine lecture with multiple games to achieve both comprehensive knowledge about Lean principles and understanding of their application in the construction industry [14, 29, 54] . Additionally, following Burch and Smith [16] , the results emphasize the importance of choosing specific simulations and games depending on the particular LCPs to be taught, ensuring the success of learning.
Conclusions
This study evaluated a combination of traditional lecture and three games ("broken square," "make a card," and "work sampling") as a pedagogical approach to teach the Lean Construction Principles (LCPs) and their application in the construction industry. This paper aims to show the impact of each activity on the understanding of LCPs.
The lecture class was effective at teaching the theoretical approach associated with each Lean principle. However, the results highlighted that most students did not attain a clear perspective about the applicability of the Lean principles in the construction industry through the lecture class, resulting in the need to combine this technique with games to meet that goal. The results of the Mann-Whitney U-test indicated that this understanding did not depend on the professional expertise of the students. Practically, the three games showed a significant effect on the understanding of the eleven LCPs. However, the "broken square" game was especially effective at teaching about increasing Overall, these results highlight the need to combine lecture with multiple games to achieve both comprehensive knowledge about Lean principles and understanding of their application in the construction industry [14, 29, 54] . Additionally, following Burch and Smith [16] , the results emphasize the importance of choosing specific simulations and games depending on the particular LCPs to be taught, ensuring the success of learning.
The lecture class was effective at teaching the theoretical approach associated with each Lean principle. However, the results highlighted that most students did not attain a clear perspective about the applicability of the Lean principles in the construction industry through the lecture class, resulting in the need to combine this technique with games to meet that goal. The results of the Mann-Whitney U-test indicated that this understanding did not depend on the professional expertise of the students. Practically, the three games showed a significant effect on the understanding of the eleven LCPs. However, the "broken square" game was especially effective at teaching about increasing transparency in the process (P 8 ), reducing the cycle time (P 4 ), and focusing control on the complete process (P 7 ) by enhancing communication and systemic thinking in work processes; the "make a card" simulation game was particularly important for understanding the applicability of increasing output value through systematic consideration of customer requirements (P 2 ) and for deepening students' understanding of the rest of the principles; finally, the "work sampling" game reinforces the level of knowledge and understanding of the applicability of the eleven LCPs, being especially important for understanding the principles of increasing output flexibility (P 6 ) and benchmarking (P 11 ). Therefore, based on the results of the study, it can be stated that: (1) to guarantee successful learning outcomes for the LCPs, it is recommended to combine the lecture class with multiple games; and, (2) it is key in selecting the games depending on the specific LCP that want to be taught, since not all games are proper to achieve a comprehensive understanding of all the LCPs. These conclusions are crucial for training in Lean Construction.
Even though the analyses conducted for this study have helped to understand the role that each activity (traditional lecture and three simple games) plays in teaching students the theoretical approach and the applicability of each Lean principle in the construction industry, this work is not exempt from limitations, since the sample focused on only one class of students who were of different nationalities and had varying levels of previous knowledge about the LCPs. However, the analysis demonstrated that these factors did not have influence over the results. Consequently, it is recommended to analyze the influence of these factors when assessing the level of knowledge after performing Lean games. Additionally, further research is needed to contribute to a better understanding of what games should be combined with the lecture class to teach about each specific LCP. Future research could focus on combining other games, analyzing the differences when implementing the games in different educational institutions or countries, studying the influence of the national or regional culture on the understanding of the LCPs, and assessing the differences when implementing the games in educational institutions vs. in companies. Above all, activities to teach the LCPs through game-based learning need to be widely studied to optimize the teaching process and maximize the learning results in educational institutions and companies. Besides, these activities can be applied to other disciplines. In this case, it is recommended to adapt the "work sampling" game to a real case related to the particular discipline
